Silicate features arising from material around pre-main sequence stars are useful probes of the star and planet formation process. In order to investigate possible connections between dust processing and disk properties, 8-13 µm spectra of 34 young stars, exhibiting a range of circumstellar environments and including spectral types A to M, were obtained using the Long Wavelength Spectrometer at the W. M. Keck Observatory. The broad 9.7 µm amorphous silicate (Si-O stretching) feature which dominates this wavelength regime evolves from absorption in young, embedded sources, to emission in optically revealed stars, and to complete absence in older "debris" disk systems for both lowand intermediate-mass stars. This is similar to the evolutionary pattern seen in ISO observations of high/intermediate-mass YSOs. The peak wavelength and FWHM are centered about 9.7 µm and ∼2.3 µm, respectively, corresponding to amorphous olivine, with a larger spread in FWHM for embedded sources and in peak wavelength for disks. In a few of our objects that have been previously identified as class I low-mass YSOs, the observed silicate feature is more complex, with absorption near 9.5 µm and emission peaking around 10 µm. Although most of the emission spectra show broad classical features attributed to amorphous silicates, small variations in the shape/strength may be linked to dust processing, including grain growth and/or silicate crystallization. For some of the Herbig Ae stars in the sample, the broad emission feature has an additional bump near 11.3 µm, similar to the emission from crystalline forsterite seen in comets and the debris disk β Pictoris. Only one of the low-mass stars, Hen 3-600A, and one Herbig Ae star, HD 179218 clearly show strong, narrow emission near 11.3 µm. We study quantitatively the evidence for evolutionary trends in the 8-13 µm spectra through a variety of spectral shape diagnostics. Based on the lack of correlation between these diagnostics and broad-band infrared luminosity characteristics for silicate emission sources we conclude that although spectral signatures of dust processing are present, they can not be connected clearly to disk evolutionary stage (for optically thick disks) or optical depth (for optically thin disks). The diagnostics of silicate absorption features (other than the central wavelength of the feature), however, are tightly correlated with optical depth and thus do not probe silicate grain properties.
Circumstellar disks are found around most, if not all, young stars. At least 5 % of these circumstellar disks are likely planet-forming (Marcy et al. 2000) and it is commonly believed that our solar system formed from a solar nebula similar to circumstellar disks found around young stars (Russell et al., Met. and Early Solar System II in press) . Initially these disks are composed of gas and dust from the interstellar medium. Theoretical models predict that collisions between grains and subsequent coagulation result in modified grain size distributions and eventually the growth of planetesimals (Weidenschilling & Cuzzi 1993) . However, observational evidence of this process remains elusive . One way to gain insight into the process of grain growth, planetesimal evolution, and eventually planet formation, is to constrain the effects of these processes on the observed mid-infrared spectra from circumstellar dust. Grain growth and changes in composition due to dust processing in circumstellar disks can have dramatic effects on the observed spectrum of the dust in emission and absorption. In this contribution, we attempt to quantify those effects and place them in the context of modern theories of disk evolution and planet formation.
Dust in the interstellar medium, and thus in the early stages of star formation, consists primarily of oxygenrich silicates and carbon-rich grains (for summary, see Pollack et al. 1994 ) from a wide range of sources, including stellar atmospheres, novae, supernovae. These silicates are either olivines (Mg 2x Fe (1−x) SiO 4 ), ranging from fayalite (x = 0) to forsterite (x = 1), or pyroxenes (Mg x Fe (1−x) SiO 3 ), ranging from ferrosillite (x = 0) to enstatite (x = 1). Silicate condensates formed in supernovae and during star formation are primarily Fe-rich and amorphous, but at high temperatures, Mg-rich crystalline silicates (i.e., pure forsterite and enstatite) are produced. The fraction of pyroxenes versus olivines depends on both temperature and pressure. For a given pressure, the pyroxenes (e.g., enstatite) dominate at low temperatures and becomes less abundant with increasing temperature (at equilibrium). The olivines (e.g., forsterite) form a significant fraction of the mixture only for a narrow region in pressure-temperature space.
The low temperatures of the ISM are expected to result in amorphous mixtures of olivines and pyroxenes with olivine the dominant component. Indeed, strong smooth features near 9.7 (Si-O stretching mode) and 18.5 µm (O-Si-O bending mode) are observed in absorption along lines of sight through the diffuse interstellar medium (Whittet et al. 1997; Bouwman et al. 2001 ). Molecular clouds also possess a mixture of olivines and pyroxenes, which are expected to remain amorphous due to cosmic ray impacts; a broad structureless band centered near 10 µm is observed toward several objects (Willner et al. 1982; Pegourie & Papoular 1985; Whittet et al. 1988; Bowey et al. 1998) . Observations by Bowey & Adamson (2002) suggest a shift from amorphous olivine dominated grains in diffuse-medium environments to amorphous pyroxenes in molecular clouds and YSOs, indicating that some dust processing is occurring during the early stages of star formation. Further processing is evidenced by the presence of crystalline silicates in the dust surrounding some main sequence stars, with amorphous olivine and forsterite as the dominant components (see e.g., Knacke et al. 1993) . Comets also contain both amorphous and crystalline silicates (see review by Wooden 2002) , with crystalline fractions that are too high (up to 30% by mass) to be accounted for by the ISM (where the crystalline fraction is < 2%; Kemper et al. 2004) , indicating that crystallization occurred in the proto-solar nebula.
Differences in the silicate spectra of interstellar versus solar-system dust suggest an evolutionary sequence in which the grain composition changes from amorphous olivine to crystalline forsterite during the star and solar system formation process. Dust grains in accretion disks around young stars therefore must be significantly modified with respect to those of the ISM and are thus excellent laboratories for the study of in situ crystallization of silicates. If crystallization proceeds via annealing, then silicates in the outer disk are expected to accrete icy mantles and retain cores that are similar to ISM dust (i.e., amorphous olivine and pyroxene), while in the inner disk (T 800 K), microcrystalline lattice structures on 0.001 µm size scales can form within silicate grains (Gail 1998) . If annealing continues for a sufficiently long time, or occurs in a sufficiently hot environment, crystallization spreads from these critical nuclei over the entire grain. At disk radii corresponding to temperatures above ∼ 1000 K, 0.1-1 µm grains should be completely crystallized (Gail 1998 ) and larger dust grains should possess regions of localized crystallization detectable in IR spectra (Jaeger et al. 1994) . Increases in temperature are also predicted to result in conversion from pyroxenes to olivines. Thus we would expect both crystallization and composition (i.e., the content of Fe vs. Mg and olivine vs. pyroxene) of the silicates in disks to be dependent on exposure to stellar radiation (e.g., location in the disk, disk geometry, stellar type) and/or the duration of processing (e.g., amount of disk turbulence, disk age).
High spectral resolution studies of the warm dust emission near 10 µm are vital in understanding the composition and processing of dust in the planet-forming region (1-10 AU) of circumstellar disks around young stars. The dominant feature in the 8-13 µm spectral region accessible from the ground is from amorphous olivine (peaking at 9.5 µm), with weaker features arising from silica (SiO 2 ; 8.6 µm) and crystalline silicates including enstatite (MgSiO 3 ; 9.2, 10.4 µm) and forsterite (Mg 2 SiO 4 ; 10.2, 11.3 µm)
6 . The transition from amorphous olivine to crystalline forsterite results in a predicted shift of the silicate emission feature from 9.7 to 11.3 µm. However, analysis of the 10 µm silicate feature is complicated by the fact that the strength and shape of the emission can not be uniquely correlated with abundance or composition. The presence of organics on grain surfaces results in increased opacity at λ < 6 µm and decreased contrast between the silicate band at 10 µm and the adjacent continuum (D'Alessio et al. 2001) . Grain size has a similar effect and for large grains (a max > 10 µm) the silicate bands disappear almost entirely (Wolf & Hillenbrand 2003) . Additionally, Fabian et al. (2001) suggest that grain shape also needs to be taken into account in the interpretation of silicate spectra, particularly for strong crystalline bands, for which a combination of spherical and ellipsoidal grains may be required. Disk morphology and optical depth also influence the shape/strength of the silicate feature Bouwman et al. 2003) . Despite difficulties in constructing unique interpretations, a number of ground-and space-based studies of the disks around T Tauri and Herbig Ae/Be (hereafter referred to as HAEBE) stars have been conducted, yielding important constraints on the evolution of circumstellar material.
Early studies of young low-mass stars (Cohen 1980; Cohen & Witteborn 1985; Wooden 1994; Hanner et al. 1995 Hanner et al. , 1998 show a single, rather sharp peak between 9 and 10 µm, resembling molecular clouds and the diffuse ISM. ISO spectra of young low-mass stars in Chameleon (Natta et al. 2000) display 10 µm silicate emission that is significantly broader and stronger than that from the diffuse ISM, but consistent with the emission predicted by a simple radiation transfer model of <1 µm amorphous pyroxene and/or olivine grains in a flared disk. More recent surveys (e.g., Sitko et al. 1999 Sitko et al. , 2000 Sylvester & Mannings 2000; Honda et al. 2003; Meeus et al. 2003; Przygodda et al. 2003; van Boekel et al. 2003) , however, have found evidence in a few low-mass sources for a more trapezoidal shaped 8-13 µm amorphous silicate feature or even a pronounced 11.3 µm crystalline silicate (forsterite) bump, indicating that at least some dust processing has taken place in these objects.
HAEBE stars were studied more extensively with ISO and, based on 2-45 µm ISO spectra of HAEBE stars spanning a range of ages, an evolutionary sequence has been suggested (Meeus & Waelkens 1999) . In this sequence, rising featureless dense cloud core spectra proceed to strong amorphous 10 µm silicate absorption from embedded protostars. These are followed by optically thick protoplanetary disks with spectra showing warm 10 µm silicate dust emission and prominent cold dust emission longward of 15 µm, then spectra with only warm dust interpreted as arising from disks undergoing planet formation, and finally the most evolved sources with nearly photospheric spectra, indicating disk dispersal. In addition to this general evolutionary trend, ISO detected crystalline silicate emission bands (11.3, 27.5, 33.5, 35 .8 and 70 µm) toward a modest sample of HAEBE star+disk systems (Molster et al. 1999; Meeus et al. 2001 ). The longer wavelength emission bands are highly dependent on the structure of the dust. These studies show large variations in dust crystallinity and composition among YSOs of similar age and stellar properties (van den Ancker et al. 2000; Meeus et al. 2001) , indicating the necessity of large samples to test scenarios of disk evolution.
Objects that may be in transition between primordial dust and debris dust (generated through collisions of planetesimals), or which are fully debris, have also been investigated Sylvester & Mannings 2000) revealing generally photospheric or continuum excess spectra. The 10 µm spectrum of the 12 +8 −4 Myr old (Zuckerman et al. 2001 ) A star β Pictoris, however, exhibits a remarkable resemblance to that of solar system grains and comets, suggesting a mixture of crystalline and amorphous material (Knacke et al. 1993; Reach et al. 2003) . Direct imaging of β Pictoris shows a warped disk that is potentially caused by collisions of planetesimals and may be shaped by recent planet formation (Kalas & Jewitt 1995; Mouillet et al. 1997; Augereau et al. 2001) . Spatially resolved 10 µm spectroscopy of β Pictoris (Weinberger et al. 2003) revealed that the silicate emission arises only from dust within 20 AU of the star, compared to the 77 AU emitting region in the continuum. Furthermore, the mixture of amorphous and crystalline dust appears to remain constant, suggesting that the crystallization process may be acting uniformly as a function of radius within the planet formation region.
Observations of silicate emission toward young stellar objects in a variety of evolutionary stages can provide valuable information about the modification of dust during solar system formation. In the present study, 8-13 µm spectra were obtained for 34 low-and intermediatemass young stars, ranging from embedded protostars to debris disk systems. Additional photometry at 10.7 µm was obtained for a subset of the sample in order to facilitate flux calibration of the spectra. In §2, the sample selection criteria are discussed. The spectroscopic and photometric observations and data reduction are described in §3. SEDs compiled from the literature are presented in §4, along with implications regarding the evolutionary categories within the sample. In §5, the 8-13 µm spectra are discussed qualitatively and in §6 a quantitative analysis of the silicate emission spectra is presented. Conclusions and suggestions of future work are discussed in §7. The appendices contain the references for the SEDs (A) and a short discussion of variability in the silicate feature (B).
SAMPLE SELECTION
Spectra in the 10 µm region of a moderate sample of optically visible HAEBE, T Tauri, as well as more heavily embedded YSOs were acquired. The goal was to use the spectra to characterize the composition of the dust, particularly the degree of crystallinity of the silicate grains present. Objects with varying age and mass were chosen in order to put this information in context with the stellar evolutionary process for both low-and high-mass stars. The sample includes 7 low-mass class I objects chosen from Kenyon et al. (1993) Meeus et al. 2001) . Seven older main sequence stars with debris disks were also included, which possess optically thin IR continua and ages older than 6 Myr. These are the most likely candidates for detection of crystalline silicates, provided warm dust is present. Our source list and observing dates are provided in Table 1. 3. PHOTOMETRIC AND SPECTROSCOPIC OBSERVATIONS 8-13 µm spectra/photometry were obtained using the Long Wavelength Spectrometer (LWS) at the W. M. Keck Observatory between 1999 August and 2000 December (see Table 1 ). LWS provides diffraction-limited (FWHM = 0.
′′ 22) imaging (10 ′′ field of view, 0. ′′ 08 pixel −1 ) and long slit (7 ′′ ) spectroscopic (R = 100-1400) capabilities in the 3-25 µm wavelength range. Photometry was obtained with the 10.7 µm filter (∆λ = 10.0-11.4 µm) for sources observed during the nights of 2000 Feb 20-21 and December 9, under poor and variable seeing conditions: 0.
′′ 3-0. ′′ 6 at 10 µm. The Nwide filter and low-resolution grating (LRES) were used to obtain 8-13 µm spectra, with R = 100, at a dispersion of 0.037 µm pixel −1 . Slit widths of 3 and 6 pixels were used, resulting in 0.
′′ 24 and 0. ′′ 48 apertures, respectively. Sources were imaged prior to each spectroscopic observation to ensure optimal placement within the slit. For most spectroscopic observations, additional calibration scans were obtained using the Keck routine LSEC, in which the data is chopped between an ambient blackbody source (T ≈ 274 K) and the sky. Darks were taken at the end of each night with exposure times equal to those on source. The raw "six-dimensional" LWS data, consisting of images for two chop-nod pairs, were coadded into two-dimensional images, using the IDL routine LWSCOADD 7 . The IRAF/PHOT task was used for the photometric data reduction. Apertures of radius 0.
′′ 96 (12 pix) were used for the photometry and the sky background was measured in 2.
′′ 0-3. ′′ 2 radius (25-40 pix) annuli. Flat-fielding was found to increase the scatter in the photometry and therefore not performed. A curve-of-growth correction of -0.12 ± 0.01 mag (based on standard star measurements) to a 1 ′′ .92 (24 pix diameter) aperture was applied to each star, resulting in magnitudes within ∼5% of the infinite aperture value. Standard star observations were used to obtain extinction curves for each night. We derived a typical night-to-night variation in the atmospheric zero-points of ∼20% and an average atmospheric extinction correction of -0.32 ± 0.07 mag airmass −1 . The root-mean-square scatter in the photometry of the standards is 0.06 mag for 2000 February 20 and 21 and 0.13 mag for 2000 December 9.
The spectroscopic data reduction was performed using the NOAO IRAF/TWODSPEC and ONEDSPEC packages. After applying pixel masks and flat fields, the images were then divided by those produced from the LSEC calibration scan obtained closest in time to the observation, to correct for variations in the spectral response of the grating. The detector's dark current was found to be negligible over the integration times used and therefore not subtracted from the data. Spectral extraction was performed via standard methods using the IRAF task apall. For the purposes of wavelength calibration and removal of the telluric ozone absorption feature at ∼9.5 µm, each extracted spectrum was aligned with and divided by a standard star spectrum (see Table 1 for details) using the IRAF telluric task. In some cases (as noted in Table 1 ), variations in seeing and atmospheric transmission versus wavelength resulted in small differences in the shape of the telluric ozone absorption feature observed in the target and calibrator spectra, and residuals can be seen in the resulting divisions. After telluric corrections were performed, the resulting spectra were multiplied by a blackbody emission spectrum appropriate to each calibrator to remove any induced slope in the 8-13 µm region. Absolute flux calibration was performed using photometric observations at similar wavelengths culled from the literature or obtained in this study (as indicated in Table 2 ), with scale factors obtained from the spectrum integrated over the photometric bandwidth. Flux calibrated spectra are shown in Figures 1-6 . The spectra are overplotted onto the SEDs to indicate the success of this flux calibration method.
SPECTRAL ENERGY DISTRIBUTIONS (SEDS)
Continuum fluxes for the sources in our sample were collected from the literature in order to form the spectral energy distributions shown in Figures 1-6 . The data were not de-reddened, but, as the A V for all but the class I sources is small (< 3 mag), this should have a modest effect on fluxes for wavelengths longer than 1.2 µm (J-band). In Figures 3-6 , the SEDs for stars with known spectral types are overlaid with emission arising from a blackbody at the stellar temperature found in the literature for each source (see Table 3 ) by scaling the peak of the blackbody curve to match the SED at that wavelength. More quantitatively, stellar luminosities were found by calculating a color excess and A v for References.
- ( Koresko et al. 1993; (12) Skinner et al. 1995; (13) Berrilli et al. 1992 ; (14) Lawrence et al. 1990 .
a Photometric errors are larger in the data acquired in this study, therefore 10.3 µm photometry from (5) were used for flux calibration. b Flux for Haro 6-10B is an estimate by Leinert & Haas (1989) . c Photometric observations only. A 8-13 µm spectrum was not acquired for this source.
the given spectral type, applying a bolometric correction to the V or I magnitude (as indicated), and converting to bolometric luminosity using the given distance (see Table 3 for details). For comparison, stellar luminosities from the literature are also presented. These are similar to the luminosities derived here; a notable exception is HD 179218, for which the V-band magnitudes reported in the literature vary by up to 1.3 magnitudes. For consistency, we will use the luminosities derived here, but note that there may be errors for stars with large variability.
The IR luminosity and the ratio L IR /L * (indicative of dust geometry for optically thick disks and of midplane optical depth for optically thin disks) were estimated from the SEDs collected for our sample in the following manner. First, the wavelength (λ onset ) at which the photometric flux is greater than twice that of the stellar blackbody was evaluated 8 . The infrared luminosity of the disk L IR was then calculated by integrating the SED between λ onset and 1 cm and subtracting the integral of the stellar blackbody over the same region. The resulting IR-to-stellar luminosity ratios (L IR /L * ), as well as the wavelengths of the onset of excess radiation (λ onset ), are presented in Table 3 . As the spectral types and A V for the embedded YSOs are uncertain, only total luminosities were calculated; resulting values of L tot are presented in Table 4 .
The SEDs were used to establish the continuum around the 8-13 µm silicate emission feature, which is extremely important for analysis of the feature shape and the 8 λonset is calculated to give the reader an impression of where the SED begins to deviate from photospheric and was chosen to be the point at which the photometric flux is greater than twice that of the stellar blackbody as this minimizes the errors due to variability in the photometric measurements. References.
- (1) Note. -Parameters on the left are from the literature as noted; those on the right are calculated here. a Where two references are listed, the second is for the age. b Method is in the form of A/B-C, where B-C is the color used to calculate the stellar Av and A is the band to which the bolometric correction was applied.
c Av were calculated from the spectral type given and color excess E(B-C), as defined in the Method column. d Stellar bolometric luminosities were calculated by applying a bolometric correction to the magnitude of band A (defined in the Method column) and converting to luminosity using the given distance. e λonset is the wavelength at which the stellar blackbody and a polynomial fit to the SED diverge. f L IR is calculated by integrating the SED between λonset and 1 cm and subtracting the integral of the stellar blackbody over the same region. L * =L * ,bol .
g The spectral indices are calculated following the method of Kenyon & Hartmann (1995) ,
. λa ≈ 2.2 µm for most sources, excepting IRAS 14050-4109 (0.8 µm) and HD 216803 (3.6 µm); λ b = 25 µm for all sources. h J-and H-band data was used to calculate the luminosity for GM Aur, as the I-band magnitude seemed anomalously high. i d = 131 pc and T ef f = 8710 were used for the luminosity calculations for MWC 480. j The SED for IRAS 14050-4109 could not be extrapolated beyond the last observed point (100µm) and therefore this luminosity ratio is a lower limit. silicate composition. To establish the continuum for HAEBE stars, van Boekel et al. (2003) fit each SED with a blackbody for the star and several blackbodies of different temperatures for the dust emission and interpolated between the two. Natta et al. (2000) fit a powerlaw to the edges of the silicate emission feature to remove the continuum in a sample of T Tauri stars. Upon examination of the overlays of the spectra on the SEDs in Figure 3 -4, we find that for our sample the continuum is adequately represented by connecting the two endpoints of the spectrum (averaging over 0.20 µm near 8.3 and 12.2 µm).
In general, we would expect the shape of the 8-13 µm feature to be related to the SED and to the relative disk versus stellar radiation. Specifically, if changes in the silicate feature are due to processing of the dust, through growth and/or crystallization, then the shape of the silicate emission feature should be related to the evolutionary stage of the source. Because the spectral index is an indicator of the evolutionary class, we expect that it may be related to the shape of the 8-13 µm spectra. In the following sections we explore these trends, first through qualitative discussion and then through quantitative characterization of the spectral strength and shape.
DISCUSSION OF THE 10 µM SPECTRA
The flux calibrated 0.1-10 5 µm SEDs and 8-13 µm spectra are shown in Figures 1-6 , with the continuum subtracted silicate features shown in the right column in Figures 1-4 . The sources are placed into categories based on the shape of the SEDs and 8-13 µm spectra. In general, the debris disks are found to have little or no evidence of silicate emission, the T Tauri and HAEBE sources show strong to moderate silicate emission and the embedded sources show silicate absorption, or a combination of absorption and emission. Possible evolutionary trends are shown in Figures 7 and 8 for the low-mass and intermediate-mass stars, respectively. The trend shown in Figure 8 is similar to that suggested for HAEBE stars by Meeus & Waelkens (1999) . The evolution of low-mass star spectra and SEDs does not appear to be significantly different from intermediate-mass stars, with embedded sources showing amorphous olivine in absorption, followed by stages of dust processing (including Fig. 1 .-SEDs and 10 µm spectra for low-mass stars where silicates are in absorption. The left panel displays the SEDs for each source (see appendix A for references) in units of Log λF λ , with the 10 µm spectra included for reference. The insets show enlargements of the 8-13 µm regions with linear scaling on both axes. Open symbols are data for which a single source within a binary or multiple can not be distinguished. The continuum is in most (but not all) cases adequately represented by connecting the two endpoints of the spectrum and normalized spectra are shown in the right panel in units of (Fν -Fc)/Fc (see text for details). The dashed line depicts the continuum level.
grain growth and/or silicate crystallization) resulting in variations in the shape of the emission feature, and finally photospheric spectra for debris disks. One possible difference between the low-and intermediate-mass stars in our sample is that for the intermediate-mass stars, crystalline silicates have been found in sources which possess large near-and far-IR excesses, but the one low-mass star toward which crystalline silicates have been found, Hen 3-600A (see also Honda et al. 2003; Uchida et al. 2004) , has an SED with no near-IR excess and diminishing far-IR flux. There have been far fewer detections of crystalline silicates toward low-mass, with respect to high-mass, stars reported in the literature as well. It is not at all clear, however, that the surveys to date are drawn from representative samples. 
Silicate Absorption Spectra
The silicate feature is clearly seen in absorption in 9 low-mass embedded sources and in all 3 high mass protostars in our sample (see Figures 1 and 2 ). The spectra of IRAS 04287+1801 and IRAS 04381+2540 (and possibly Mon R2 IRS3) possess a shallow absorption feature near 11.2 µm in addition to the 9.7 µm absorption seen toward the other embedded sources. The additional absorption feature has rarely been seen (e.g., Boogert et al. 2004) , and its origin may be related to grain mantle ice constituents and not silicates (Boogert, private communication) . In 5 other low-mass embedded objects the silicate feature appears with absorption superposed on emission between 9 and 12 µm. In the most extreme case, IRAS 04264+2433, the spectrum shows almost pure silicate emission. These spectra may be explained by a source geometry in which cold dust located along the line of sight is absorbing against silicate emission from warmer dust located near the protostar. Radiative transfer modeling is required to explore this scenario and constrain whether the cold dust is in fact associated with these sources or associated with remnant unbound material in the dense core.
The absorption spectra exhibit a variety of morphologies and have been ordered in Figure 1 roughly according the strength of the absorption feature. This may correspond to an evolutionary sequence from strong ISM-like absorption through superposed absorption+emission and will be discussed more quantitatively in §6.1.
Silicate Emission Spectra
The silicate feature is seen in emission toward 5 T Tauri stars and 5 HAEBE stars in our sample (see Figures 3  and 4) . 8 out of 10 of these stars possess significant IR luminosities (L IR /L * > 0.1), with the exception of IRAS 14050-4109 and Hen 3-600A (L IR /L * ∼ 10 −2 , similar to debris disks). The shape of the emission feature varies from smooth single peaks near 9.7 µm, consistent with amorphous olivine, to more complex spectra with additional peaks near 10.2 and 11.3 µm, indicative of enstatite and forsterite components. This suggests that silicate processing is occurring within disks around optically revealed T Tauri and HAEBE stars. 8-13 µm spectra similar to that of amorphous olivine were observed toward 4/5 T Tauri stars (GM Aur, AA Tau, IRAS 14050-4109 and LkCa 15). The emission features are wider in comparison to absorption features in the ISM. This could either be due to the addition of ∼10.2-11.3 µm emission from crystalline silicates or broadening of the amorphous emission feature due to increased grain sizes. The absence of a strong crystalline component in the emission spectra indicates that the wider feature is more likely related to grain growth (discussed below) than to crystallization. Crystalline silicates appear to be absent even in the two sources with evidence of disk clearing, IRAS 14050-4109 (with L IR /L * ∼ 10 −2 ) and GM Aur (possessing a gap at small radii, Rice et al. 2003) .
Possible evidence for crystallization appears in the spectra observed toward 4/5 HAEBE stars (MWC 480, References.
- (1 Note. -The luminosities for several close sources are those of the combined sources due to the large IRAS beam.
a The spectral indices are calculated as in Table 3 . λa = 2.2 µm for all sources; λ b = 25 µm for all low-mass stars and 20, 25, and 39 µm for BN, NGC 2024 IRS2, and Mon R2 IRS3, respectively. HD 163296, HD 184761, and WW Vul). HD 163296, HD 184761, and WW Vul each possess an emission feature characteristic of amorphous olivine as well as a small peak at 11.3 µm, consistent with crystalline forsterite (though this peak is much weaker than that seen for β Pictoris or HD 100546, Knacke et al. 1993; Meeus et al. 2001) . MWC 480 possesses a peak near 10.5 µm, which is consistent with crystalline enstatite. The three disks with 11.2 µm peaks are young intermediate-mass stars (∼2 M ⊙ ) with SEDs depicting substantial IR emission from warm dust, indicating that the component producing the feature must be present at a young evolutionary stage. Analysis of the crystalline silicate content in these disks, however, may be complicated by the 11.2 µm PAH emission band. Clear identification of the 11.3 µm feature as arising from crystalline silicates can only be obtained if there is evidence of their longer wavelength features, or if the presence of PAHs can be ruled out. HD 163296 and WW Vul have been observed with ISO and no evidence of PAH emission in the 6-12 µm region was detected Acke & van den Ancker 2004) ; longer wavelength crystalline silicate features were detected toward HD 163296. In the same study, PAH emission at 6.2 µm was detected toward MWC 480, but similar features at 7.6 and 8.5 were not. No previous observations of HD 184761 are available.
Finally, one low-mass T Tauri star (Hen 3-600A) and one HAEBE star (HD 179218), 10 Myr and 6 Myr of age, respectively, each show a strong peak at 11.3 µm that dominates the spectrum. The shape of the emission feature is consistent with that of crystalline forsterite (including the correlating small peak at 10.2 µm). These spectra are similar to that of the first widely recognized crystalline silicate source, HD 100546 . In contrast to the detection of crystalline silicates toward several HAEBE stars, to date crystalline silicates have been detected toward only a small number of ∼solar-mass stars (TW Hya, Sitko et al. 2000 ; VW Cha and Glass I, Meeus et al. 2003) . Our sample seems consistent with this trend, with 1/5 low-mass star disks and 4/5 HAEBE star disks showing signs of crystalline silicates. Our sample is small, however, and may not be representative. Observations of a larger sample of lowmass stars are needed to quantify and understand the differences in the composition of dust around low-versus IR and millimeter excesses. This substantial amount of cold dust combined with the absence of silicate emission suggest the possible existence of large gaps in these disks at radii close to the star, similar to those modeled in the debris disks around ǫ Eri, Vega, and HR 4796A (Ozernoy et al. 2000; Wyatt et al. 1999; Wyatt 2003) .
Evolution of Silicate Spectra
The SEDs and silicate spectra of the sample indicate a possible evolutionary trend; silicate absorption is observed toward embedded protostars, strong silicate emission arises from objects with optically thick protoplanetary disks and nearly photospheric spectra are observed toward optically thin debris disks. The details of this trend are discussed below for both low-and intermediate- mass stars using a representative subset of our sample as shown in Figures 7 and 8 . Figure 7 shows the evolutionary sequence for material around low-mass stars. The SED for IRAS 04239+2438 indicates an embedded protostar, and the 8-13 µm spectrum depicts deep silicate absorption (similar to 7 other embedded sources in our sample). The SED of LkCa 15 is fit by an optically revealed star and near-to far-IR excess from an optically thick protoplanetary disk (c.f., Chiang et al. 2001) , and strong silicate emission is observed toward this source. Similar SEDs and spectra are seen for 3 other sources. The mid-IR spectrum of IRAS 04295+2251 shows contributions from both silicate emission, peaking near 10.5 µm, and silicate absorption near 9.5 µm and the SED suggests that this source (and 5 others) may be intermediary between IRAS 04239+2438 and LkCa 15, although the exact geometry is not yet well understood. As discussed above, the SED of Hen 3-600A shows no near-IR excess and very little far-IR flux and silicate emission peaking characteristic of forsterite (peaking near 11.3 µm), indicating substantial dust processing in this disk. Finally, HD 17925 is characteristic of 4 sources in our sample with SEDs consistent with a stellar photospheres (out to 60 µm) toward which no silicate feature is observed, indicating an absence of warm, small circumstellar grains, and longer wavelength excess.
A similar evolutionary sequence is shown for the intermediate-mass stars (Figure 8) , from silicate absorption toward the fully embedded Becklin Neugebauer ob- ject (BN) to silicate emission in the three optically thick disks and a nearly photospheric spectrum toward the optically thin disk encircling HD 102647. No sources with absorption+emission spectra were seen for the intermediate-mass stars. The sample, however, consisted of only three embedded protostars and there are large differences in morphology for these absorption spectra. Between the spectra of MWC 480, HD 163296 and HD 179218, the silicate emission feature seems to evolve from amorphous olivine peaking near 9.5 µm to crystalline forsterite, peaking at 11.3 µm, suggesting dust processing, but there appears to be no corresponding evolution of the SEDs. Furthermore, MWC 480 shows silicate emission peaking near 10.5 µm, indicative of crystalline enstatite, not forsterite. 
QUANTIFYING SILICATE SPECTRA
Having presented our spectra and discussed their overall properties qualitatively, we now embark on a quantitative analysis of the spectra. Detailed interpretation of silicate emission/absorption features necessitates an understanding of the optical depth of the circumstellar envelope or the vertical structure of the circumstellar disk. Because our sample encompasses a variety of complex circumstellar environments ranging from deeply self-embedded young stars to optically thin debris disks, such detailed modeling will not be presented here. Instead, we investigate empirical correlations between several properties of the silicate features and attempt to relate the observed trends to circumstellar properties and dust size and composition. In §6.1, we begin by evaluating the impact of the source morphology on the structure of the observed silicate feature by investigating correlations between the spectral shape and SED properties. Next, we explore the relationship between the FWHM of the 8-13 µm emission/absorption feature and the central wavelength of the peak/dip ( §6.2), which are connected to optical depth and dust composition. The relationship between the 9.8 and 11.3 µm fluxes and the peak-to-continuum ratio is indicative of grain size as well as crystallization fraction, as demonstrated by previous studies of HAEBE and T Tauri stars (Przygodda et al. 2003; van Boekel et al. 2003) . Thus, relationships between spectral shape and dust composition and grain size will be explored in §6.3-6.4. By applying these methods of analysis to our spectra, we hope to reveal more subtle evolutionary trends than are apparent from simple visual inspection of the data.
6.1. Silicate feature strength and SED Properties Based on Figures 7 and 8 we have argued for evidence of an evolutionary sequence in the 10 µm feature from absorption to mixed absorption and emission to pure emission, which may correspond to an evolutionary sequence in SED morphology. To explore this relationship more quantitatively we investigate possible correlations between 10 µm spectral properties and SED slope or IR excess luminosity. Lada & Wilking (1984) define a classification system using the SED slope, or 2-25 µm spectral index (α 2−25µm ). The spectral index is negative for class I sources (embedded stars), positive in the range of 0-1 for class II sources (optically thick disks), and positive and large (∼3) for class III sources (optically thin disks). In Figure 9 we explore possible correlations between the feature strength and the spectral index for spectra with pure emission or absorption features. Spectra showing evidence of mixed absorption and emission are not included. The feature strengths (F λ1 ) used here are calculated from the normalized spectra (F= (F ν −F c )/F c ), by averaging over a region 0.2 µm wide centered on the largest absolute value (|F λ1 |) in the normalized spectrum (see Table 5 ). The spectra were smoothed before fitting to remove large fluctuations due to noise, which may have a large effect on locating the maximum. The quoted errors include the effects of spectral S/N (the standard deviation of the mean) as well as the effects of the continuum normalization method (the errors in determination of the endpoint fluxes). Error bars are particularly large for GM Aur, for which the spectrum possessed low S/N near the endpoints used for continuum normalization. For this reason, the error bars for GM Aur shown in all figures have been truncated at 1/7 of the full error. The correlation is evaluated using a χ 2 linear least-squares regression method. During the calculation of the regressions, each data point is weighted by the inverse square of the error in x and y, so the effects of data with large errors are minimized. One should note that this method may reduce the weighting of T Tauri star disks, as their spectra for the most part have lower S/N than do spectra of disks around HAEBE stars.
There is a strong inverse correlation between the strength of the absorption features and the spectral index. As the spectral index increases, moving from class I toward the realm of class II sources, the strength of absorption features becomes shallower. Furthermore, 4/5 of the complex spectra (absorption+emission), which are not included in Figure 9 , possess spectral indices which are at the low end of the distribution (≤0.5), suggesting Table 5 ) and the 2-25 µm spectral index (α 2−25µm ). The open symbols represent absorption spectra of solar-mass (squares) and intermediate-mass (triangles) stars in our sample. The solid symbols represent emission spectra. Spectra that can be fit with both emission and absorption are omitted. The error bars for α 2−25µm include the photometric errors as quoted in the literature. Fluxes are calculated by averaging the continuum normalized spectrum over 0.2 µm. The data are weighted by the inverse square of the errors shown, which include the effects of spectral S/N and the removal of the continuum. For clarity, the error bars for GM Aur have been truncated at 1/7 of the full error (see text). The strength of the absorption features appears to be strongly correlated with the spectral index (r = 0.75, 1.3% probability of being drawn from random distribution), as indicated by the dashed line. In contrast, the strength of the emission features is only weakly correlated with the spectral index, if at all; r = 0.29, with a 40% probability that the data are drawn from a random distribution. that they may be in an intermediate stage between class I and class II. This trend indicates that the strength of silicate absorption is primarily a function of the optical depth and not dust composition/size. In contrast, there is no compelling correlation between strength and spectral index for the emission sources in Figure 9 .
Although the strength of the silicate emission features not related to the spectral index, it may still be dependent on or related to the disk morphology. In order to determine the relationship between the strength of silicate emission and disk morphology, the ratio of the IR to stellar luminosity was calculated. L IR /L * is related to the optical depth of the disk material for optically thin emission. For optically thick emission, however, L IR /L * is indicative of the disk geometry, tracing the fraction of light intercepted by the disk (Backman & Paresce 1993) . In this case, disk flaring and orientation both affect the IR-to-stellar luminosity ratio, with a maximum value of L IR /L * of 1/2 for a flared disk, in which the thickness increases with distance from the star (Kenyon & Hartmann 1987) , and 1/4 for a flat optically thick disk. IR-to-stellar luminosity ratios for the disks in our sample, calculated as described in §4, are presented in Table 3 . The optically thin debris disks possess L IR /L * <0.1 and do not show evidence of silicate emission. We find generally higher values of L IR /L * for the optically thick class II disks. These ratios are always greater than 0.1 with a maximum of ∼0.5. The strengths of the emission features are not found to be correlated with L IR /L * . As L IR /L * is affected by both disk flaring and orientation, we can only say that the combined effect of the two is not clearly related to the strength of the 10 µm silicate emission feature.
In summary, the strength of silicate absorption can be tied to the self-embeddedness of the star and is probing primarily the optical depth of the absorbing dust. the strength of the emission features appears to trace grain properties (e.g., grain growth and/or crystallinity), as opposed to optical depth, and these properties do not appear to be directly connected to evolutionary stage, as traced by the Lada & Wilking (1984) classification system, or to disk morphology. This is consistent with a scenario in which the observed emission arises from an optically thin region on disk surfaces.
Width and Central Wavelength of the Silicate
Feature For 6 lines of sight in the ISM, Bowey & Adamson (2002) find that the FWHM of the observed silicate absorption decreases as the features shift to longer wavelength. They also find that these parameters are strongly related to the stellar environment. Three spectra probing the diffuse medium showed silicate absorption features with minima at ∼9.8 µm and FWHM of ∼2.5 µm, typical of amorphous olivine. The others, within the Taurus molecular cloud, possess silicate absorption features near 9.6 µm with FWHM of 3.3 µm, typical of amorphous pyroxene. The authors suggest that this trend represents an evolution from olivine-dominated silicates in the diffuse ISM to pyroxene-dominated silicates in circumstellar environments.
In order to search for trends in the silicate composition as a function of circumstellar environment, we perform similar calculations for the silicate features observed toward our sample of 17 embedded YSOs and 10 optically thick disks. Sources with photospheric spectra are not included. As discussed above, the strength (and shape) of silicate absorption features is a function of the optical depth. The central wavelength of the absorption, however, is dependent on the dust composition. In contrast, the strength and width of silicate emission features (if optically thin) is almost solely dependent on the dust cross section, which is affected by both grain composition and size. The peak of the emission is also believed to be a function of both grain size and composition ).
The silicate feature in each normalized spectrum (F= (F ν −F c )/F c ) was fit by a gaussian to find the FWHM, central wavelength (λ 2 ), and the normalized flux (F λ2 ) corresponding to that central wavelength. To account for the structured nature of the silicate features observed, we also record the wavelength (λ 1 ) corresponding to the largest absolute value (|F λ1 |; used in §6.1) in the normalized spectrum. This provides a better characterization in the case of dust with large crystalline-to-amorphous silicate emission ratios (e.g., for HD 179218) where F λ2 lies near the center of the feature at λ 2 ∼10.5 µm, but F λ1 successfully traces the stronger flux near the forsterite peak (λ 1 ∼11 µm). The results of these calculations are shown in Table 5 . Note.
-λ 1 and F 1 indicate central wavelengths and feature strengths calculated by fitting a gaussian to the normalized spectrum. λ 2 and F 2 indicate central wavelengths and feature strengths calculated by finding the largest absolute value of the normalized flux. In all cases, FWHM are found from gaussian fits.
a The observed spectrum can be fit by absorption + emission.
This analysis is not as straight-forward for the spectra that show evidence of both emission and absorption. If we fit the absorption and emission components individually for the complex spectra, as shown in Table 5, we find small FWHM for the individual features, which are shifted to shorter/longer wavelengths for absorption/emission. For all 5 of the complex spectra we fit absorption components with λ 1,2 < 10 µm and emission components with λ 1,2 10 µm. Although these complex spectra represent an interesting new class of sources, the emission and absorption features clearly can not be deconvolved empirically. Source geometry must be taken into account in the interpretation of these spectra. For these reasons, we include only pure absorption and emission features in the rest of our analyses.
In Figure 10 , the central wavelengths (λ 1 and λ 2 ) of the emission/absorption maxima (as described by F λ1 and F λ2 ) are plotted with respect to the FWHM. Although a subset of the pure absorption or emission features are clustered about 9.75±0.15 µm, the sample encompasses a large range of central wavelength (∼9-11 µm) and FWHM (∼1.7-3 µm), suggesting a range of source environments. There appears to be no strong correlation between λ 1,2 and FWHM in the sample as a Table 5 . λ 1 and λ 2 are represented by connected pairs. Symbols are as described in Figure 9 . Neither the sample of silicate absorption spectra nor that of silicate emission spectra show significant correlation between λ 1,2 and FWHM. The two samples do show different trends, however, with the emission spectra spanning a larger range in central wavelength and the absorption spectra spanning a larger range in FWHM.
whole (r = 0.04), nor in either sub-population of silicate absorption and emission spectra. The two samples do show different trends, however, with the emission spectra spanning a larger range of central wavelength and the absorption spectra spanning a larger range of FWHM. To address the nature of these trends in more detail, we now discuss the absorption and emission subsamples in turn.
The silicate absorption features show little variation in central wavelength (9.6±0.2 µm), which is consistent with amorphous olivines and pyroxenes. The trend seen by Bowey & Adamson (2002) is not seen, suggesting that there is no clear correlation within this sample of class I objects between the grain composition (traced by λ 1,2 ) and optical depth (traced by FWHM). The FWHM of the absorption features varies significantly (∼1.8-3.2 µm), indicating a range of optical depths, indicative of varying envelope thickness or morphology. There are three outlying absorption sources possessing large FWHM (IRAS 04287+1801, IRAS 04381+2540, and Mon R2 IRS3). These were previously identified in §5.1 as possessing additional shallow feature near 11.2 µm and the very large FWHM may be merely a result of the blending of the 11.2 µm ice feature with the silicate feature.
The silicate emission features in general peak at longer central wavelength (10.2±0.3 µm) in comparison to the embedded sources, indicating either grain growth or modified composition. The silicate emission features also show larger variations in the central wavelength, but little variation in the FWHM. The FWHM for the emission features is largely dependent on the grain cross section and, thus, on both the grain size and composition. The range in FWHM of roughly 2 to 2.5 µm is consistent with primarily amorphous silicate grains of 0.1-2 µm sizes (van ). The variations in FWHM are also consistent with those expected from the addition of crystalline silicates. Indeed, the 2 emission spectra with the largest peak wavelengths (∼ 11.2 µm) are those previously identified as possessing strong crystalline silicate emission, Hen 3-600A and HD 179218. The emission spectrum from MWC 480 is also an outlier, peaking at 10.3-10.5 µm, which is consistent with crystalline enstatite.
Thus, sources with silicate absorption features have central wavelengths and FWHM generally similar to amorphous olivine or pyroxene, while those with silicate emission show increased peak wavelengths and variations in FWHM characteristic of more processed dust. The relationship between the silicate emission feature and size and compositional variations of the dust will be explored in more detail below. We will not discuss the absorption or the absorption-plus-emission sources any further.
Spectral Color-Color Diagrams: Grain Composition
Now we attempt to use fluxes derived from the continuum normalized silicate emission features as probes of grain composition, following the methods used for ISO spectra of HAEBE stars ). In particular, we will compare fluxes at the nominal wavelengths of emission from amorphous and crystalline olivine, 9.8 and 11.3 µm, and ratios of 9.8-to-8.6 versus 9.8-to-11.3 µm fluxes in an attempt to assess the probe the crystallization mechanism. Figure 11 displays flux and color-color plots for the silicate emission features observed toward our sample. The fluxes are calculated by averaging over 0.2 µm. The errors are calculated as described in §6.1 and include the affects of S/N and the continuum subtraction method.
In Figure 11a , the relationship between the blue and red slopes is examined. Assuming the emission arises primarily from amorphous olivine (peaking near 9.8 µm), the slopes on the long and short wavelength side of the normalized spectra can be approximated by F 9.8 /F 11.3 and F 9.8 /F 8.6 , respectively. The dashed line indicates the correlation (r = 0.68) between the blue and red slopes for the observed silicate emission features. This trend implies that decreasing F 9.8 /F 8.6 (blue slopes) correspond to decreasing F 9.8 /F 11.3 (red slopes), indicating that the entire feature becomes flatter as emission at 11.3 µm becomes more prominent. The two sources with silicate features that peak above 11 µm, HD 179218 and Hen 3-600A, also fall along this trend, occupying the lower left corner of the plot. Although the variations in the structure of the silicate emission has often been attributed to variations in crystalline fraction, this trend is consistent with grain compositions dominated by amorphous olivine, with variations due to changes in grain size (e.g., van Boekel et al. 2003) .
If the above trend can be attributed to the conversion from dust dominated by amorphous olivine to that dominated by crystalline forsterite, then variations in the crystallinity of the dust in these sources should be evident in the relationship between the fluxes at these wavelengths. The fluxes corresponding to the peaks of the amorphous olivine (F 9.8 ) and crystalline forsterite features (F 11.3 ) for the normalized spectra are shown in Figure 11b . There is a linear correlation between the fluxes at 11.3 and 9.8 µm indicating that the flux at 11.3 µm does not increase at the expense of the flux at 9.8 µm, as we would expect The relationship between the slopes on the long (F 9.8 /F 11.3 ) and short wavelength (F 9.8 /F 8.6 ) side of the normalized spectra. A linear least-squares fit to the data is depicted with a dashed line, (F 9.8 /F 8.6 ) = (0.7±0.2)×(F 9.8 /F 11.3 ) + (0.6±0.2), and characterized by a correlation coefficient of r = 0.67. (b) Fluxes corresponding to amorphous olivine (F 9.8 ) and crystalline forsterite (F 11.3 ) in the normalized spectra. The linear fit to these data (dashed line, r = 0.85), F 9.8 = (3.0±0.6) × F 11.3 -(3.0±1.0), indicates that F 11.3 does not increase at the expense of F 9.8 . Fluxes and corresponding error bars are calculated as in Figure 9 .
from crystallization of amorphous olivines (emitting near 9.8 µm). Additionally, the spectra with dominant emission at 11.3 µm, are weaker overall and fall in the lower left corner of the plot. This suggests that the crystalline silicates observed toward these sources either are not produced from the same reservoir of small amorphous grains that emits at 9.8 µm, or that variation in the shape of the silicate feature is not dominated by crystallization.
The above analysis demonstrates that the 9.8-to-8.6 and 9.8-to-11.3 colors are correlated within the observed silicate emission features. The features become flatter as the relative emission at 11.3 µm increases, which is consistent with increased grain sizes. Furthermore, the flux at 11.3 µm does not decrease at the expense of that at 9.8 µm, indicating that if the flattening of the feature is due to crystallization, then the crystalline forsterite emitting at 11.3 µm are not crystallized from the amorphous silicate population emitting at 9.8 µm.
6.4. Strength and Shape: Grain Size Here we discuss the possibility that the changes in the silicate emission feature shape discussed above are due to changes in grain size, rather than crystallinity. Although observations of broadened 8-13 µm silicate features with emission observed at 11.3 µm were long believed to be an clear indication of the presence of crystalline forsterite, the analysis presented in §6.3 and recent studies by ) suggest that such features are actually representative of increased grain size. These studies show that the mid-IR absorption coefficient of ∼0.1 µm-sized amorphous olivine grains possesses a triangular shape similar to that observed in the diffuse ISM. Due to a general decrease in the absorption cross section, a population of larger amorphous olivine grains (∼2.0 µm) has an absorption coefficient that is weaker by a factor of ∼2.3 and flattened between 9.5 and 12 µm. Examination of the emission spectra of 12 HAEBE stars showed that there is a correlation between the feature strength (peak flux of the normalized spectrum) and shape (as indicated by the ratio of the flux at 11.2 to 8.9 µm), with broader emission features being weaker as shown in Figure 12a (open triangles). Przygodda et al. (2003) found a similar trend for a sample of disks surrounding low-mass stars (open squares).
We perform a similar analysis for our sample of T Tauri and HAEBE stars, which are shown as solid squares and triangles in Figure 12a . Fluxes and errors are calculated as described in §6.3. The entire sample of both T Tauri and HAEBE star spectra can be fit by a single trend. This trend is consistent with variations in grain size among the sample, but we can not rule out the possibility that the changes in feature shape and strength result from an increased crystallization fraction ( §6.3). The two sources with spectra consistent with forsterite emission at 11.3 µm do not deviate significantly from this trend. It is therefore reasonable to think of the strong, narrow and the broad, weak silicate emission features as arising from "unprocessed" and "processed" dust, respectively. The contributions from dust size and composition can thus only be separated when emission from crystalline silicates are clearly seen in the spectrum as an isolated feature at 11.3 µm.
Although generally used as a measure of the crystallization fraction in the emitting silicate dust (e.g., the "9.8-to-11.3 phase transition"), the wavelength of maximum emission may also be affected by grain size. In Figure 12b the maximum emission in the normalized spectrum F λ1 is plotted with respect to the wavelength corresponding to the maximum λ 1 . Figure 12b indicates that for our sample as the feature maximum shifts to longer wavelengths, the strength of the emission feature decreases. This trend is consistent with the effects of grain growth. As the grain size increases, the feature flattens and the maximum decreases in flux and shifts to longer wavelength. Although, the two sources with strong crystalline forsterite features (HD 179218 and Hen 3-600A) have weaker peak flux and show up at the bottom right in Figure 12b , in general moving along the Fig. 12. -Emission feature characteristics. In both plots, the solid squares and triangles represent the observations of T Tauri and HAEBE stars in our sample. (a) The correlation between feature shape (F 11.3 /F 9.8 ) and strength (F λ 1 ), as noted previously for HAEBE , open triangles) and T Tauri stars (Przygodda et al. 2003, open trend from the upper left to lower right of Figure 12b does not coincide with the appearance of emission from crystalline forsterite. HD 163296, which has a visible bump near 11.3 µm, has a silicate feature which is still quite strong (in the upper left of the plot). Furthermore, the broad silicate emission feature observed toward AA Tau, which shows no evidence of emission from crystalline forsterite, is quite weak and lies in the middle of the trend. Therefore, the shift in the wavelength of maximum emission in the 10 µm region, or the "9.8-to-11.3 µm phase transition", appears to be largely dependent grain size variations and thus is in fact not a good indicator of crystallization fraction.
If the trends depicted in Figure 12 primarily indicate a change in the grain size, then they suggest a progressive removal of small grains (< 2 µm) from the warm (T ≈ 300K) disk surface probed by the 10 µm feature. Dust settling would preferentially remove larger grains from the disk surface. The absence of small grains could be related to the removal of dust through gap clearing, but if so we would expect that GM Aur, which shows evidence of a substantial gap, to display a broadened feature indicative of larger grains. The flat, broadened spectra in the bottom right of Figure 12b are therefore most likely a result of grain growth in the surfaces of these disks. (Meeus & Waelkens 1999) , was confirmed and extended here to ∼solar-mass stars. Amorphous silicate absorption is observed toward young, embedded sources. In 5 of 17 embedded sources, complex spectra that may be interpreted as a combination of silicate absorption and emission are observed. These spectra may represent an interesting new class of sources that are in between Class I and Class II, but require physical models to deconvolve the emission and absorption. Silicates are observed in emission toward optically revealed stars. The shape of these emission features varies from strong triangular emission peaked near 9.8 µm, to flat, broad emission with a central wavelength between 10 and 11 µm. Finally, silicate emission was absent for the debris disks in our sample.
CONCLUSIONS AND FURTHER WORK
To aid in the interpretation of the silicate features, we explore the connections between silicate feature properties with stellar evolution through comparison with the spectral energy distributions. We find that the strength of 10 µm silicate absorption is strongly correlated with the 2-25 µm spectral index. Class I sources with complex absorption+emission features have small spectral indices when compared to those with pure absorption, suggesting that the former are less embedded. These results indicate that the silicate absorption feature is indeed a good probe of the circumstellar environment, tracing the self-embeddedness of the star. In contrast, the strength of the silicate emission feature does not appear to be correlated with the 2-25 µm spectral index (evolutionary stage) or the IR-to-stellar luminosity ratio (disk geometry) and thus probes grain properties rather than source morphology.
Although the strength of the silicate absorption features is dependent on the circumstellar environment, the central wavelength of the emission should be sensitive to the grain composition. We therefore attempted to quantify the effects of grain properties, such as size and composition, on the shape and/or central wavelength of all of the silicate features observed in our sample. In general, the features are clustered around 9.7 µm, corresponding to amorphous olivine, with FWHM near ∼2.3 µm. A direct correlation between FWHM and central wavelength is seen for neither silicate emission nor absorption features. The pure silicate absorption features exhibit a large range of FWHM, likely related to differences in optical depth, and narrow range of central wave-lengths, indicating limited variation in grain size and/or composition from that of the ISM. A larger scatter and higher mean central wavelength is found for the emission spectra, likely related to compositional variations within the sample (i.e., fraction of amorphous vs. crystalline silicates), indicating increased dust processing.
As the emission features are more sensitive to grain properties, we further analyzed the structure of the emission features, finding: -The shape of the silicate emission of most T Tauri stars was similar to that previously observed in the diffuse ISM, in contrast to the structured emission feature observed for most HAEBE stars. This suggests an absence of small (< 10 µm), warm (T≈300 K) crystalline silicates in these T Tauri star disks, but colder or larger crystalline silicate grains may still be present and, if so, will be visible through farinfrared lattice modes accessible from space born observations.
-A correlation between the peak shape as traced by F 11.3 /F 9.8 and feature strength for 5 T Tauri and 5 HAEBE in our sample was also found. This is consistent with that seen for several HAEBE stars and T Tauri stars (Przygodda et al. 2003) , which are attributed to changes in grain size (from 0.1-2 µm). The entire sample can be fit best with a single trend, including spectra with strong indications of crystalline forsterite. The wavelength of maximum emission was also found to be correlated with peak strength for our sample. This indicates that interpretation of the "9.8-to-11.3 µm phase transition" must therefore include analysis of grain size in addition to crystallization fraction.
-We also demonstrate that the flux at 11.3 µm does not increase at the expense of that at 9.8 µm. If crystallization is dominating the transition, then this indicates that the crystalline forsterite emitting near 11.3 µm was likely not formed from the population of amorphous olivine emitting near 9.8 µm, suggesting a more complex crystallization mechanism. Another interpretation is that the relationship between the 11.3 and 9.8 µm fluxes is dominated by grain size effects and not crystallization.
Silicate emission features in solar-mass T Tauri stars have primarily been observed in the 10 µm atmospheric window (as in this study). Due to sensitivity limitations, ISO studies of silicates focused on intermediate or highmass stars. The Spitzer Space Telescope will be used to expand these studies for a large sample of low-mass stars, ranging from embedded protostars to optically thin disks, via the combination of various GTO programs and the C2D (τ dust > 1) and FEPS (τ dust < 1) Legacy programs 10 . In this manner, the study of the crystalline and amorphous silicates in disks, will be expanded to include disks around low-mass, sun-like stars, creating a database analogous to ISO studies of high/intermediatemass stars. These studies will include longer wavelength silicate bands, which depend intricately on the coordination of the silicon atoms and can provide more specific information about the minerals present, including the Mg/Fe ratio. The mineral content of the grains in each stage of evolution can thus be directly compared to that of meteorites, asteroids and comets.
Support for JEK-S was provided by NASA through the Graduate Student Researchers Program, NGT5-50231, and through the Spitzer Space Telescope Postdoctoral Fellowship Program, under award 1256316. GAB acknowledges additional support from the NASA Origins program. MRM acknowledges support from NASA contract 1224768 to the University of Arizona administered through the Jet Propulsion Laboratory. The data presented herein were obtained at the W.M. Keck Observatory, which is operated as a scientific partnership among the California Institute of Technology, the University of California and NASA. The Observatory was made possible by the generous financial support of the W.M. Keck Foundation. The authors would also like to thank Randy Campbell for his assistance with Keck LWS operation and data reduction. The authors additionally acknowledge Jonathan Foster for his assistance with the 10 and 20 µm photometric reduction and Josh Eisner for access to his SED database of Class I sources. The authors would also like to thank the reviewer for many useful comments. (Wooden et al. 2000) and HD 45677 (Sitko et al. 1994) , has revealed dramatic variations in the strength and shape of silicate features over periods of months to years. Observations of DG Tau revealed that although the dust continuum remained fairly constant, the silicate feature evolved from nearly featureless continuum to emission from crystalline and amorphous silicates to emission from primarily amorphous silicates and, finally, to absorption from amorphous silicates between 1996 and 2000. Wooden et al. (2000) indicate that these variations in the silicate feature are due to dust in the optically thin disk surface, and that the continuum is produced by the underlying disk midplane (e.g., Calvet et al. 1992) . For HD 45677, the flux of the silicate emission feature was observed to decrease by ∼30% between 1980 and 1992, coincident with an increase in the stellar flux of ∼60% (Sitko et al. 1994 ). The authors suggest a scenario in which long-term (decade-long) variations in UV and optical flux are due to a clear hole moving into the line of sight, which is possibly coupled with a loss of small The spectra from two observing runs are overlaid, showing that there is no significant variability (above the error) in the shape of the silicate emission feature for these two sources on a yearly timescale. The continuum was not subtracted for these spectra.
grains, as indicated by the change in flux of the silicate feature.
Multiple spectra were obtained toward a few sources in our sample, permitting study of the variability in shape and strength of the silicate emission. Figure A13 shows the silicate emission toward HD 163296 and LkCa 15 for two observations taken approximately one year apart. Spectra from the two observing runs are overlaid, showing that they are consistent (within the errors). The double peaked structure seen in the spectrum of HD 163296 has been previously observed in spectra obtained by ISO and ground-based observations (Sitko et al. 1999 (Sitko et al. , 1996 October 10) and these spectra do not differ significantly from our observations. HD 179218, Hen 3-600A and MWC 480 have also been observed on more than one occasion reported in the literature. The previous observations of HD 179218 , ISO LWS, 1996 October 5) are virtually identical to our observations (2000 February 21). The spectra depict very similar peak strengths and shapes. MWC 480, however, exhibits very different emission in the Sitko et al. (1999) (IRTF BAAS, 1996 October 14) study than in our spectrum (1999 November 30). In particular, the 11.3 µm feature (crystalline forsterite) is much less prominent in our observations and there is an additional peak at ∼10.5 µm (near the position of crystalline enstatite). However, the (peak-to-continuum) strength of the feature is the same to within ∼15%. The observations of Hen 3-600A by Honda et al. (2003) (Subaru COMICS, 2001 December 27) also suggest strong evidence of variability when compared to our data (Figure 3, 2000 February 21) . Our spectrum shows much less emission at 9.2 µm and possibly 10.3 µm (both attributed to enstatite), with the peak at 11.3 µm (forsterite) dominating the spectrum. There also appears to be an accompanying decrease in the continuum or in the strength of emission near 12.5 µm from 2000 to 2001.
There is no obvious trend in the variability with respect to spectral parameters or silicate emission feature shape from these observations. HD 179218 and Hen 3-600A have similar emission features, ages and are in similar evolutionary stages (although their mass differs by a factor of 2).Yet the spectrum of Hen 3-600A is highly variable on 1 yr timescales while the spectrum of HD 179218 has not changed in > 3 yr. Although HD 163296 and MWC 480 possessed similar spectra in 1996 (Sitko et al. 1999) , the spectra for these sources are quite different from each other in 1999 (our data). MWC 480 has undergone changes in the spectrum that indicate conversion between the crystalline forms of forsterite (Mg 2 SiO 4 ) and enstatite (MgSiO 3 ). This conversion, also seen in the Hen 3-600A spectrum, is the opposite of the expected transition with time during the standard annealing process (see Gail 1998) .
Studies of the variability of silicate emission may provide valuable information about the mechanisms of grain growth and/or crystallization that affect the feature shape. However, variability of the silicate emission feature has been observed toward only a few objects, and rarely in a comprehensive program designed to monitor the accompanying variability of the star and/or SED. Dedicated long term monitoring of the silicate feature toward a larger sample of objects is required to understand the cause of silicate feature variability in disks.
SED REFERENCES
The SEDs presented in Figures 1-6 were compiled from photometric observations in the literature. The references for each source are listed below.
49 Ceti: The SED includes optical photometry from Hayes & Latham (1975) , UBV photometry from Rybka (1969) and Stoy (1969) , JHKLM photometry from Eiroa et al. (2001) and Sylvester et al. (1996) , mid-IR photometry from Thi et al. (2001) , and IRAS observations from Beichman et al. (1988) .
